Feng Q, Migas MC, Waheed A, Britton RS, Fleming RE. Ferritin upregulates hepatic expression of bone morphogenetic protein 6 and hepcidin in mice. Am J Physiol Gastrointest Liver Physiol 302: G1397-G1404, 2012. First published April 19, 2012 doi:10.1152/ajpgi.00020.2012.-Hepcidin is a hepatocellular hormone that inhibits the release of iron from certain cell populations, including enterocytes and reticuloendothelial cells. The regulation of hepcidin (HAMP) gene expression by iron status is mediated in part by the signaling molecule bone morphogenetic protein 6 (BMP6). We took advantage of the low iron status of juvenile mice to characterize the regulation of Bmp6 and Hamp1 expression by iron administered in three forms: 1) ferri-transferrin (Fe-Tf), 2) ferric ammonium citrate (FAC), and 3) liver ferritin. Each of these forms of iron enters cells by distinct mechanisms and chemical forms. Iron was parenterally administered to 10-day-old mice, and hepatic expression of Bmp6 and Hamp1 mRNAs was measured 6 h later. We observed that hepatic Bmp6 expression increased in response to ferritin but was unchanged by Fe-Tf or FAC. Hepatic Hamp1 expression likewise increased in response to ferritin and Fe-Tf but was decreased by FAC. Exogenous ferritin increased Bmp6 and Hamp1 expression in older mice as well. Removing iron from ferritin markedly decreased its effect on Bmp6 expression. Exogenously administered ferritin and the derived iron localized in the liver primarily to sinusoidal lining cells. Moreover, expression of Bmp6 mRNA in isolated adult rodent liver cells was much higher in sinusoidal lining cells than hepatocytes (endothelial ϾϾ stellate Ͼ Kupffer). We conclude that exogenous ironcontaining ferritin upregulates hepatic Bmp6 expression, and we speculate that liver ferritin contributes to regulation of Bmp6 and, thus, Hamp1 genes.
THE PEPTIDE HORMONE HEPCIDIN regulates body iron homeostasis by determining the magnitude of dietary iron release from enterocytes and stored iron release from reticuloendothelial macrophages (22) . The production of hepcidin is influenced by multiple signals, including those reflecting body iron status, erythropoietic demand, and inflammation (28) . The regulation of the hepcidin (HAMP) gene by iron status involves the participation of the extracellular signaling molecule bone morphogenetic protein 6 (BMP6) (9, 54) . Previous studies identify two distinct physiological pathways through which iron status regulates hepcidin: one is relatively acute (and associated with changes in circulating iron concentrations), and the other is chronic (and associated with changes in liver iron stores) (15, 52) . Several observations suggest that ferri-transferrin (Fe-Tf) may serve as the "circulatory" iron signal (28) . The molecular participants of the "iron stores" signal remain less well understood. Correlations between Bmp6 mRNA expression and liver iron concentrations (but not serum transferrin saturations) suggest that Bmp6 is a participant in the iron stores, but not Fe-Tf, pathway (15) .
In addition to Fe-Tf, biological forms of iron taken up by the liver include non-transferrin-bound iron (NTBI), primarily in the form of iron citrate salts, and ferritin (5) . Mechanisms of cellular uptake for each of these forms of iron are distinct (3, 5, 53) . Fe-Tf is taken up via transferrin receptor-mediated endocytosis, and the iron is transported across the recycling endosome. NTBI enters cells via membrane ion transporters. Non-receptor-mediated uptake of transferrin-bound iron has also been demonstrated. The iron within ferritin cages enters cells via pinocytosis of ferritin (19, 48) and/or ferritin receptormediated endocytosis (51) .
Ferritin is the major intracellular storage form of iron (4, 61) , regardless of type of iron taken up by the cell. The ferritin shell is composed of heteromultimers of two subtypes, designated H and L, the relative contribution of which differs across tissues and cell types. Recent attention has been given to the potential roles for ferritin as not only a storage molecule, but also as an iron delivery system (44), a transcription factor (2) , and a signaling molecule (13) . Because ferritin is regulated by cellular oxidant state (25, 30) and has antioxidant properties (4) , it may additionally serve as a modulator of the inflammatory response to oxidant injury (51) . These expanded properties of ferritin, along with known associations between liver iron stores, liver ferritin concentrations, Bmp6 expression, and hepcidin expression, led us to hypothesize that liver ferritin may participate in the regulation of hepcidin expression. To test this hypothesis, we performed in vivo studies in which we administered non-heme iron as ferritin, Fe-Tf, or ferric ammonium citrate (FAC) exogenously to mice and examined liver Bmp6 and Hamp1 mRNA expression. Each of these forms of iron, ferritin (66) , FAC (18) , and Fe-Tf (52), has been administered intraperitoneally to rodents in studies of liver iron metabolism.
We took advantage of the inherently low baseline Bmp6 and Hamp1 mRNA expression and low liver iron concentrations in juvenile mice to maximize our ability to identify changes in response to iron administration. We found that exogenous iron-containing ferritin upregulates Bmp6 and Hamp1 mRNA expression. Moreover, we observed that exogenously administered ferritin and the iron delivered by this ferritin localize primarily to sinusoidal lining cells. Finally, we observed high Bmp6 expression in isolated sinusoidal lining cells, particularly endothelial cells, compared with hepatocytes. These studies suggest that iron in the form of ferritin and Fe-Tf can each regulate hepcidin, but by distinct mechanisms. Moreover, they implicate sinusoidal endothelial cells as a source of Bmp6 expression in the liver.
MATERIALS AND METHODS
Reagents. All reagents were obtained from Sigma (St. Louis, MO) unless otherwise indicated. Human liver ferritin (Calbiochem) was demonstrated to be endotoxin-free (Ͻ0.2 endotoxin unit/mg) by commercial assay (PyroGene, Lonza) prior to usage. Rabbit antihuman ferritin immunoglobulin (catalog no. A-0133) was obtained from Dako (Carpinteria, CA). Anti-rat SE-1 antibody (catalog no. 10078) was obtained from IBL. Rat anti-mouse IgG2a/2b microbeads were obtained from Miltenyi Biotech.
Animals. Wild-type FVB/n mice were bred and maintained under standard conditions. Juvenile mice were weaned at 21 days onto standard chow (Teklad Global 2018S) containing 225 ppm iron or onto chow (TestDiet 5755) containing 60 ppm iron ad libitum. Intraperitoneal injections of vehicle, human liver ferritin, BMP6, or FAC were administered in a total volume of 10 l/g mouse. Mice were euthanized 6 h later by exposure to hypercapnia and exsanguination, and tissue samples were collected. All animal care was performed in accordance with the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, Commission on Life Sciences, National Research Council, 1996), and studies were performed under an Institutional Animal Care and Use Committee-approved protocol.
Iron content of ferritin. Ferritin iron content was measured as described elsewhere (14) . To deplete iron, ferritin was treated with thioglycolic acid, purged with nitrogen, and dialyzed against 1% thioglycolic acid-0.05 mM HEPES for 3 days and then with 0.15 mM HEPES-0.1 mM NaCl for 1 day, as described elsewhere (43), yielding an iron concentration of Ͻ2 g/g ferritin. Protein concentrations were determined by Bradford assay.
Iron histochemistry and ferritin immunohistochemistry. Immunohistochemistry was performed on formalin-fixed paraffin sections (5 m) using Vectastain ABC-Elite reagents (Vector Labs, Burlingame, CA). The primary antibody was rabbit anti-human liver ferritin (Dako; 1:100 dilution). Sections were counterstained in hematoxylin and visualized by light microscopy. Tissue sections were stained for iron using enhanced Perls' technique, as described elsewhere (64) . Briefly, tissue sections were treated with 7% potassium ferrocyanide in 3% HCl at 37°C for 15 min, rinsed in water, and then reacted with diaminobenzidine (0.5 mg/ml in 0.1 M KCN and 0.03% H 2O2) for 15 min to yield a brown product. Sections were counterstained with hematoxylin and visualized by light microscopy.
Cell isolation and culture. Populations of sinusoidal lining cells were provided by the Non-Parenchymal Liver Cell Core of the Southern California Research Center for Alcoholic, Liver, and Pancreatic Diseases and Cirrhosis. Liver sinusoidal endothelial cells (LSECs) were isolated by magnetic cell sorting using SE-1 antibody, as described elsewhere (63), with modification. Briefly, livers were digested by collagenase perfusion, and the nonparenchymal cell population was enriched by centrifugation at 70 g for 1 min and suspension three times in Hanks' buffer. The resuspended cells were incubated with a monoclonal antibody to rat SE-1 and then with rat anti-mouse IgG2a/2b microbeads. Magnetic separation of the LSECs was performed using an autoMACS Pro separator (Miltenyi Biotec). Cell viability, ascertained by Trypan blue dye exclusion, was Ͼ95%. LSECs exhibited Ͼ95% purity, as determined by positive staining for acetylated low-density lipoprotein. The absence of contaminating Kupffer cells was ascertained by peroxidase staining. Kupffer cells were isolated by in situ sequential digestion of the liver with Pronase and collagenase followed by arabinogalactan gradient ultracentrifugation and adherence purification, as previously described (65, 69) , except cells were collected at the arabinogalactan gradient interface of 1.043/1.058 and 1.058/1.085. This method achieves a final Kupffer cell purity Ͼ95% as assessed by peroxidase staining and latex bead phagocytosis. Stellate cells were purified by arabinogalactan gradient ultracentrifugation (70) , with collection at the medium-1.034 interface. Kupffer cells, stellate cells, and endothelial cells were cultured in medium containing 2% serum for 6 h prior to analysis. Murine hepatocytes (Invitrogen, Carlsbad, CA) were assayed after 48 h in culture in serum-free Williams E medium supplemented with CM4000 (Invitrogen).
Real-time quantitative RT-PCR. Liver tissue samples were homogenized in TRIzol (Invitrogen), and RNA was extracted according to the manufacturer's recommendations. RNA concentration was measured spectrophotometrically, and purity was verified by ratio of absorbance at 260 nm to absorbance at 280 nm. RNA integrity was confirmed by agarose gel electrophoresis and ethidium bromide staining. RNA samples were treated with DNase (Ambion). One-Step real-time RT-PCR was performed according to the manufacturer's directions (TaqMan, Applied Biosystems), as described elsewhere (16) . Thermal cycling (40 cycles at 95°C for 15 s and 60°C for 1 min) was carried out using an PRISM 7700 (Applied Biosystems). Efficiency curves were determined by serial dilution. All results were within the linear range of the assay. Real-time RT-PCR results were analyzed by ⌬⌬C t and Pfaffl (efficiency curve) methods, with similar results obtained from each. The results from Pfaffl analyses are presented, with statistical analyses performed by commercial software (Rest 2009 version 2.0.13, Qiagen). All primers and probes are products of TaqMan Gene Expression Assays (Applied Biosystems, Foster City, CA), except murine Hamp1 and ␤-actin primers and probes (16) , which were synthesized by Applied Biosystems.
RESULTS

Regulation of liver hepcidin expression by dietary iron and exogenous BMP6 administration in preweanling mice.
We first determined whether the inherently low iron status of preweanling mice (21) provided an opportune time frame to analyze the in vivo effects of iron administration on Bmp6 and Hamp1 mRNA expression. Because mice begin to access variable quantities of chow between 14 days of age and weaning at 21 days of age, we performed our preweanling analyses at 1 and 10 days, and postweaning analysis at 28 days (Fig. 1A) . Liver iron concentrations were lowest at 10 days of age (mean 112 g/g dry wt compared with 643 and 1,311 g/g at 1 and 28 days of age). Liver Bmp6 mRNA expression followed a similar pattern (Fig. 1B) . At 10 days, liver Bmp6 expression was 0.7-fold that measured in 1-day-old mice, and at 28 days, it was 9.3-fold higher than in 1-day-old mice. In agreement with previous reports (17, 21), we observed that liver Hamp1 expression was very low at 10 days relative to 1-day-old mice (0.007-fold, P Ͻ 0.001) and increased markedly by 28 days (12-fold over 1-day-old mice, P Ͻ 0.001; Fig. 1C ). To ensure that mice at 10 days of age demonstrated a response to iron intake on hepatic Bmp6 and Hamp1 expression, iron (2 mg/kg) was administered as ferrous sulfate by oral-gastric tube. This treatment produced an increase in hepatic Bmp6 (3.3-fold, P Ͻ 0.05) and Hamp1 (5.3-fold, P Ͻ 0.05) mRNAs 6 h later (Fig. 2) . To determine whether BMP6 itself would mediate an increase in Hamp1 expression at this age, we administered 5 g of BMP6 intraperitoneally. We observed that liver Hamp1 expression was increased 6 h later (6.9-fold, P Ͻ 0.005). We concluded that mice at 10 days of age provide a suitable model system to investigate the regulation of Bmp6 and Hamp1 expression by iron.
Exogenous administration of liver ferritin upregulates hepatic Bmp6 and Hamp1 mRNAs. We examined the effect of three exogenously administered forms of iron, Fe-Tf, NTBI as FAC, and ferritin, on liver Bmp6 and Hamp1 expression. Each was administered intraperitoneally to 10-day-old mouse pups at a dose providing 2 mg/kg of iron, and the expression of liver Bmp6 and Hamp1 was measured 6 h later. Only ferritin was associated with an increase in Bmp6 expression (Fig. 3A) . The mean increase in Bmp6 expression with ferritin was 11.5-fold (P Ͻ 0.001). Ferritin administration was also associated with an increase (mean 16-fold) in Hamp1 expression ( Fig. 3B ; P Ͻ 0.001). While Fe-Tf also increased Hamp1 expression (mean 4.4-fold, P Ͻ 0.05), there was no associated change in Bmp6 expression (mean 0.8-fold, P ϭ 0.35) at this or at earlier (1 and 3 h) time points (not shown). FAC administration, on the other hand, was associated with a decrease in liver Hamp1 mRNA expression (mean 0.47-fold, P Ͻ 0.05) and no change in Bmp6 expression (mean 1.1-fold, P ϭ 0.6). As expected, no significant change in total hepatic or splenic iron concentrations was observed with administration of these forms of iron at these doses (not shown).
To analyze the dose response of ferritin on Bmp6 expression, we compared doses of ferritin from 1 to 60 g/g (thereby administering iron at doses of ϳ0.1-10 mg/kg). We found a dose-dependent increase in Bmp6 expression with increased ferritin administration up to 12.5 g/g (Fig. 4) . No additional response was observed at higher doses. No statistically significant effect of ferritin on Hamp1 expression was observed at doses Ͻ12.5 g/g.
We subsequently determined whether the effects of ferritin administration on Bmp6 and Hamp1 expression were specific to preweanling mice. We administered ferritin at 9 g/g to 28-day-old mice (1 wk after weaning onto 60 ppm ironcontaining chow). As shown in Fig. 5 , administration of ferritin was associated with an increase in Bmp6 (mean 5.4-fold, P Ͻ 0.005) and Hamp1 (mean 1.8-fold, P ϭ 0.02) mRNAs.
Removal of iron from ferritin attenuates its effect on Bmp6 expression. To determine whether ferritin iron is required to effect changes in Bmp6 and Hamp1 expression, we tested the identical preparation of ferritin after iron removal. Administration of iron-depleted ferritin to adult mice was not associated with a change in Bmp6 or Hamp1 mRNA expression (Fig. 5) . Similarly, in 10-day-old mice, while administration of ironcontaining ferritin demonstrated the previously shown increase in Bmp6 mRNA expression (3.8-fold, P Ͻ 0.001), iron-depleted ferritin had no significant effect (1.4-fold increase, P ϭ 0.1). While the increase in Hamp1 expression was 6.6-fold Fig. 1 . Postnatal changes in liver iron concentrations and expression of liver bone morphogenetic protein 6 (Bmp6) and hepcidin (Hamp1) mRNAs. A: non-heme liver iron concentrations were measured in newborn mice at 1, 10, and 28 days of age (1 wk after weaning onto standard iron chow). B and C: liver Hamp1 and Bmp6 mRNAs were quantified by real-time RT-PCR and normalized to ␤-actin mRNA. Values are means Ϯ SE (n ϭ 3-5 per group). *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001. Fig. 2 . Effect of oral iron and exogenous BMP6 on liver Bmp6 and Hamp1 expression. Iron (2 mg/kg) was administered as ferrous sulfate (or carrier) via oral-gastric tube to 10-day-old mice (n ϭ 4 per group). In other mice, 5 g of human recombinant BMP6 (or carrier) was administered intraperitoneally. Liver Bmp6 and Hamp1 expression was measured 6 h later by real-time RT-PCR, and results were normalized to expression of ␤-actin. Values are means Ϯ SE. Dashed line at "1" represents no difference relative to control (carrier) group. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001. Fig. 3 . Effect of parenteral administration of different forms of iron on Bmp6 and Hamp1 expression. Iron (2 mg/kg) was administered as ferri-transferrin (Fe-Tf) or carrier (n ϭ 4 per group), ferric ammonium citrate (FAC) or carrier (n ϭ 3 per group), or ferritin (Ft) or carrier (n ϭ 7 per group) to 10-day-old mice. Liver Bmp6 and Hamp1 expression were measured 6 h later by real-time RT-PCR, and results were normalized to expression of ␤-actin. Values are means Ϯ SE. Dashed line at "1" represents no difference relative to respective control (carrier) group. *P Ͻ 0.05, ***P Ͻ 0.001.
(P Ͻ 0.001) in the 10-day-old mice treated with iron-containing ferritin, a 4.7-fold increase, with marginal statistical significance (P ϭ 0.04), was observed with iron-depleted ferritin.
Exogenously administered ferritin and iron delivered from ferritin localize primarily to sinusoidal lining cells. To identify the cell types accumulating exogenously administered ferritin and the iron derived from this ferritin, we performed immunohistochemical studies for ferritin and histochemical studies for iron on liver tissue from 10-day-old mice. Untreated mice at this age have very little immunoreactive ferritin (Fig. 6A) or stainable liver iron (Fig. 6B ). Mice injected with ferritin demonstrated strong staining in sinusoidal lining cells (Fig. 6C ) and much lighter staining in hepatocytes. Staining of greatest intensity was observed in cells with morphology and distribution consistent with endothelial cells. Cells with morphology and distribution consistent with Kupffer and stellate cells also demonstrated signal for ferritin (Fig. 6C ). Mice injected with iron-depleted ferritin likewise demonstrated the strongest staining in these same cell populations (not shown). Histochemical staining for iron was performed on parallel liver sections. Mice injected with ferritin demonstrated iron primarily in sinusoidal lining cells (Fig. 6D) . Tissue sections from mice injected with iron-depleted ferritin appeared similar to those from control mice (not shown). No ferritin immunoreactivity or histochemical iron staining was observed in the scattered erythroid cells normally observed in mouse liver at this age. These studies demonstrate that injected ferritin and the derived iron distribute primarily to nonparenchymal cell types. The greatest concentration of ferritin was observed in cells with an endothelial morphology.
Basal liver Bmp6 expression is highest in nonparenchymal cells. We next utilized isolated cultured liver cell populations to analyze cell types expressing Bmp6 in the liver. Expression of Bmp6 was much lower (0.06-fold, P Ͻ 0.001) in cultured mouse hepatocytes than whole liver (Fig. 7A) . This observation suggests that the greatest contribution to Bmp6 expression in the liver was from nonparenchymal cells. To have sufficient quantity of nonparenchymal hepatic cell types for analysis, subsequent studies were performed in cells isolated from rats. We observed slightly less expression of Bmp6 in isolated cultured rat Kupffer cells than in whole liver (0.71-fold, P Ͻ 0.05; Fig. 7B ). However, Bmp6 expression was much greater in cultured endothelial cells than in whole liver (14.8-fold, P Ͻ 0.001). Bmp6 expression was slightly greater in isolated stellate cells than in whole liver (1.7-fold, P Ͻ 0.05). These observations demonstrate that endothelial cells are a major contributor to Bmp6 mRNA expression in the liver.
DISCUSSION
Liver Hamp and Bmp6 expression has been shown to be regulated by changes in dietary iron intake and administration of parenteral iron; however, the biological forms of iron regulating these genes remain uncharacterized. Previous studies suggest that iron status regulates Hamp by more than one biological signal: one is acute (and possibly related to circulating iron concentrations), and the other is chronic (and associated with changes in liver iron concentrations). It has been suggested that the acute signal is mediated by Fe-Tf. We observed that exogenously administered Fe-Tf increased hepcidin expression without an associated change in Bmp6 expression. This observation is consistent with the proposed site of action of transferrin receptor 2, i.e., downstream of Bmp6 mRNA expression (16, 67) . Biological forms of non-heme iron include not only Fe-Tf, but also NTBI (primarily in the form of citrate salts) and ferritin. We observed that exogenous FAC decreased hepcidin expression without a change in Bmp6 expression. This observation is consistent with the reported Fig. 4 . Dose-dependent effect of ferritin on liver expression of Bmp6 and Hamp1. Ferritin iron or carrier (doses indicative of ferritin iron administration) was administered to 10-dayold mice. Liver Bmp6 and Hamp1 expression was measured 6 h later by real-time RT-PCR, and results were normalized to expression of ␤-actin. Values are means Ϯ SE; sample sizes are shown in parentheses above the curve for ferritin-injected mice and below the curve for carrier-injected mice. Dashed line at "1" represents no difference relative to control (carrier) group. *P Ͻ 0.05, **P Ͻ 0.01. Fig. 5 . Effect of ferritin and iron-depleted ferritin administration on liver Bmp6 and Hamp1 expression in adult mice. Ferritin (9 g/g, n ϭ 4) or carrier (n ϭ 3) was administered to adult female mice, and ferritin that had been depleted of iron (9 g/g, n ϭ 3) or carrier (n ϭ 5) was administered to additional mice. Liver Bmp6 and Hamp1 expression were measured 6 h later by real-time RT-PCR, and results were normalized to expression of ␤-actin. Values are means Ϯ SE. Dashed line at "1" represents no difference relative to control (carrier) group. *P Ͻ 0.05, **P Ͻ 0.01. decrease in hepcidin expression in isolated hepatocytes and hepatoma cell lines in response to exposure to forms of NTBI (23) . The observation that NTBI decreases hepcidin expression in vivo raises the possibility that circulating NTBI (as seen, e.g., in iron-overload conditions, such as hereditary hemochromatosis or ␤-thalassemia) (6) may contribute to hepcidin downregulation and exacerbate the pathogenesis of preexisting low-hepcidin states.
Most importantly, we found that administration of exogenous ferritin increased hepatic Bmp6 expression. Because liver iron concentration, liver ferritin concentration, and liver Bmp6 mRNA expression are associated with each other (15, 28), we next determined whether iron is required for the effect of ferritin on Bmp6 mRNA expression. We found that irondepleted ferritin was not associated with an increase in Bmp6 mRNA expression. This observation suggests that exogenous ferritin is an effective means of delivering iron to a responsive cell type. It also, however, raises the possibility that ironcontaining ferritin might be an endogenous regulator of Bmp6 expression. As such, the exogenously administered ferritin may have been delivered to the appropriate cell type to demonstrate such regulation. Intraperitoneally administered ferritin in animal model systems has been shown to distribute to multiple cell types, depending on dose administered and time assayed (7, 20, 35, 39, 66) . Under our conditions, exogenously administered ferritin primarily distributed to sinusoidal lining cells, rather than hepatocytes, directing our attention to these cell types as potential sites of Bmp6 expression. While previous studies examining the cellular distribution of Bmp6 in the liver by immunohistochemistry found the strongest signal in hepatocytes (34) , this observation does not necessarily identify the site of Bmp6 production. Expression of Bmp6 has been reported to be substantially higher in isolated Kupffer and stellate cells than hepatocytes (37) . We likewise found substantially less Bmp6 mRNA expression in isolated hepatocytes than in whole liver. Additionally, we observed the greatest expression of Bmp6 mRNA not in Kupffer or stellate cells but, rather, in sinusoidal endothelial cells. Whether the pattern of BMP6 protein expression by these cell types parallels that of the mRNA remains to be determined.
Moreover, we identified endothelial cells morphologically as one of the sinusoidal cell types in which exogenously administered ferritin (and the derived iron) was most highly concentrated. Preferential accumulation in endothelial cells (and Kupffer cells) relative to hepatocytes was likewise reported upon exogenous administration of iron to piglets (10) . Moreover, in various iron-overload conditions, including hereditary hemochromatosis, sinusoidal endothelial cells have been observed to accumulate iron (27, 33) . The iron in these cells appears microscopically in the form of ferritin-and hemosiderincontaining lysosomes, rather than cytosolic ferritin. This ob- (A and B) or ferritin (60 g/g; C and D) was administered intraperitoneally to 10-day-old mice, and animals were euthanized 6 h later. Liver sections were stained for ferritin with antibodies to human liver ferritin (A and C) or for iron with modified Perls' stain (B and D) and counterstained with hematoxylin. Images were photographed at ϫ400 magnification. servation suggests that the endothelial cell ferritin has been taken up, rather than synthesized de novo (45) . In vivo studies demonstrate that intravascularly administered ferritin can enter endothelial cells by micropinocytosis (8) . Studies on cultured endothelial cells suggest that ferritin can also be taken up by endocytosis (20) . Endocytic uptake of ferritin has been observed in other liver cell types (51), including hepatocytes (1) and stellate cells (50) . At least three molecules expressed in liver tissue have been shown to function as ferritin receptors: TIM-2 (12, 26) and transferrin receptor 1 (42) demonstrate activity as ferritin-H receptors, while SCARA5 functions as an ferritin-L receptor (31, 41) . The contribution, if any, of these molecules to the uptake of iron from ferritin by the liver remains to be determined.
Independent of the identity of the responding cell type or the mechanism of ferritin uptake, our findings suggest that ironcontaining ferritin might serve as a signaling molecule in the regulation of hepatic Bmp6 expression. The observation that serum ferritin concentrations are reflective of overall iron stores (68) and correlate with hepcidin levels raises the possibility that circulating ferritin might serve as the signaling molecule. Serum ferritin consists primarily of ferritin-L cages released by macrophages, but with very low iron content (14, 38) . Nonetheless, some assays find that the iron content of human serum ferritin is substantial (29, 58) and that this iron content is increased in iron-overload states and decreased in iron deficiency (29) . Also, the iron content and character of ferritin in the intrahepatic circulatory milieu may be distinct from that in the systemic circulation (47) . Ultrastructural studies suggest that Kupffer cells in vivo release ferritin into the sinusoids and space of Disse (46) . Cultured Kupffer cells secrete ferritin with a high iron content (57) . Indeed, about half of the iron taken up by cultured Kupffer cells is subsequently released as ferritin (40) . Cultured iron-loaded hepatocytes (40) and the hepatoma cell line HepG2 (24, 32, 40) likewise secrete ferritin into the media (the iron content of this ferritin was not reported). In vivo studies suggest that iron-containing ferritin is released from iron-loaded (11) or injured (45, 49) hepatocytes. Studies suggest that enterocytes can take up iron from dietary ferritin via endocytosis (56, 59) ; however, the absorbed iron appears to be released from the ferritin (56) . As such, Kupffer cells or hepatocytes are more plausible sources than enterocytes for endogenous iron-containing ferritin in the regulation of liver Bmp6 expression.
Our studies demonstrate that exogenous iron-containing ferritin increases the hepatic expression of Hamp1 mRNA in association with the increase in Bmp6 mRNA. Liver Hamp1 mRNA expression in mice correlates with serum hepcidin levels and with downstream consequences on iron homeostasis (62) . Interestingly, we observed that while administration of iron-depleted ferritin was associated with no change in liver Bmp6 mRNA expression, it was associated with a modest increase in Hamp1 expression. The basis for this observation is not clear. Possibly, an inflammatory signal (not dependent on STAT3 activation) contributed to hepcidin upregulation in response to the administered iron-depleted ferritin. The finding that iron-free ferritin induces inflammatory cytokines in cultured liver stellate cells supports this possibility (55) .
Our observations suggest that iron-containing ferritin may serve as the iron "stores regulator," mediating the upregulation of hepcidin expression in response to iron loading. If so, a "positive-feedback" loop might be anticipated, since cellular iron retention increases ferritin production (60) . Such a feedback loop might be advantageous in facilitating the accumulation of stored iron; i.e., ferritin increases hepcidin, hepcidin mediates cellular iron retention, and cellular iron retention increases ferritin production. This feedback loop would be expected to be offset, however, by erythroid demand for iron; i.e., the hepcidin-mediated retention of cellular iron decreases serum iron concentrations and iron delivery (as Fe-Tf) to the erythron. Because erythroid signals suppressing hepcidin expression are of greater consequence than iron-stores signals (36) , hepcidin levels would fall and iron would be released into the circulation. Once erythropoietic iron needs are met, dissipation of the erythroid signal would permit the iron-stores (ferritin) signal to upregulate hepcidin and replete reticuloendothelial iron stores. Cell-specific knockout of specific ferritin isoforms may be informative in testing these speculations and in determining the contribution of ferritin to the regulation of Bmp6 and Hamp1.
In conclusion, our data indicate that exogenously administered ferritin upregulates liver Bmp6 and Hamp1 expression in mice. The administered ferritin and iron contained therein accumulate primarily in liver sinusoidal lining cells. Sinusoidal lining cells, particularly endothelial cells, are a site of relatively high Bmp6 expression in the liver. Taken together, these observations implicate liver ferritin as a possible contributor to the iron "stores" signal in the BMP6-mediated regulation of hepcidin.
